Abstract: This work studies the effect of the tool tilt angle on the generated heat and the material flow in the work pieces joint by Friction Stir Welding (FSW). An apropos kinematic framework together with a two-stage speed-up strategy is adopted to simulate the FSW problem. The effect of tilt angle on the FSWelds is modeled through the contact condition by modifying an enhanced friction model. A rotated friction shear stress is proposed, the angle of rotation depending on the process parameters and the tilt angle. The proposed rotation angle is calibrated by the experimental data provided for a tilt angle 2.5 • . The differences of generated heat and material flow for the cases of tool with tilt angle of 0 • and 2.5 • are discussed. It is concluded that due to the higher temperature, softer material and greater frictional force in the trailing side of the tool, the material flow in the rear side of the FSW tool with the title angle is considerably enhanced, which assists to prevent the generation of defect.
Introduction
Friction Stir Welding (FSW) uses a tool with a high rotating speed which moves forward between the pieces to be joined and generates heat. The main function of the tool (consisting of pin and shoulder) is to mix the work piece material and to generate heat by friction. The final properties of friction stir welds depend on factors such as the process parameters (advancing and rotating speed), the tool design and the tool tilt angle [1] [2] [3] . In previous works, the authors have studied the effects of the tool velocity [4] and the tool design [5] . In this work, the effect of the tool tilt angle is addressed. Figure 1 presents a cross-sectional view of an (exaggeratedly) tilted tool inside the work piece. Typical tilt angles used in practice are between 0 • and 3 • , where a zero value signifies that the tool is perpendicular to the work piece. The tool tilt angle affects the material flow during the weld and thus the heat generation. In FSW, the heat is generated by friction and plastic dissipation. As the mechanical properties are notably temperature-dependent, material flow and heat generation are dependent on each other, making FSW a strongly coupled thermo-mechanical problem. The tool tilt angle has a fundamental importance for the weld quality in FSW. On the one hand, a non-zero tilt angle ensures the contact among the tool shoulder and the work piece; moreover, it facilitates the flow of the material around the tool. On the other hand, an inadequately large tilt angle raises the pin from the weld root, resulting in damaged welds. Consequently, it is essential to properly choose the tool tilt angle. An optimal tool tilt angle guarantees that the tool shoulder imprisons the deformed material and transports it proficiently from the front edge to the rear side of the pin [6] .
The tilt angle of the tool and its noticeable effect on the final post-weld quality has been studied by several investigators [7] [8] [9] . These studies show that the tool tilt angle has a significant effect on the formation of defects during the weld. The optimal tool tilt angle facilitates the material flow around the tool and avoids the formation of defects in the weld zone. Several experimental tests have to be performed to obtain the optimal tilt angle. However, the fundamental mechanism of the tilt effect on heat generation and material flow is yet to be understood. Reshad et al. [10] study the effects of the tool tilt angle on FSW of pure titanium. They considered several test cases where the tool tilt angle is varied and the effect of this variation on the post-weld properties is examined. They obtained 1 • as the best tilt angle for a defect-free welding with high mechanical properties.
Banik et al. [11] examine weld qualities of FSW AA6061-T6 from the point of view of the final mechanical properties of the work piece by changing the tool tilt angles for taper featureless and taper threaded tools. They observe that an increase of the tool tilt angle increases the forces and the torque at the tool/work piece interface.
Elyasi et al. [12] study the effect of the tilt angle on FSW of dissimilar alloys (aluminum to steel). Tilt angles of 1 • , 2 • and 3 • are chosen. They observe that a larger tilt angle increases the axial force and the interaction between aluminum and steel.
Hamid and Roslee [13] investigate the tilt angle effect on microstructural and mechanical characteristics of FSWelded dissimilar aluminum alloys. They observe that the tilt angle affects the mechanical properties of the FSW joints considerably. Microstructure of the weld also changes significantly by varying the tilt angle, specifically in the area of weld nugget and heat affected zone.
Meshram and Reddy [14] study the role of the tilt angle on defects generation and material flow in FSW. They observe that the variation of tool tilt angle changes the thermo-mechanical results during FSW and therefore alters the material flow in the weld and controls the weld defects.
In spite of the importance of the effect that the tool tilt angle has on the final quality of the welded work piece, there are only a few computational studies of this phenomenon. Numerical simulations may provide detailed knowledge of the process from both thermal and mechanical point of views.
Long et al. [15] present a 3D thermo-mechanical model with a non-zero tilt angle and study its effect on the final joint. They use DEFORM-3D to simulate the FSW process in a Lagrangian framework. In their work, the tilt angle is considered inside of the geometrical model. They test two cases of 0 • and 2 • tilt angle. Wormhole defects are observed in case of 0 • , while the weld in case of 2 • is defect free.
Chauhan et al. [16] investigate the effect of three tilt angles (0 • , 1 • and 2 • ) on the formation of defects in FSW applying a Coupled Eulerian and Lagrangian (CEL) method. They use ABAQUS/Explicit to model FSW process with a cylindrical pin. In order to avoid the serious mesh distortion encountered when modeling FSW, the work piece is defined as a Eulerian body. Their model predicts that a tilt angle of 2 • produces a defect free weld.
Aghajani Derazkola and Simchi [17] present experimental and numerical analysis of friction stir welding of poly (methyl methacrylate) work pieces. They study the effect of process parameters such as tilt angle to define the appropriate conditions for seeking defect-free joints. They observe that the tool tilt angle affects the material flow around the tool. The applied downward forging force needs to be increased for increasing tilt angles, and this results in more frictional heat generation.
There are forecast models based on Artificial Neural Network (ANN). In these cases, both experimental and numerical data are collected to correlate process parameters with technical features of the welded joint. Hamilton et al. [18] integrate differential scanning calorimetry curves for 2017A and 7075 in an existing computational model of the FSW process for heat generation and material flow to create the phase transformations maps occurring in the weld zone. The tool tilt angle of 1.5 is considered during the process. They observe that close to the weld tool, the processing temperatures dissolve fully the equilibrium phase in 7075 and partially in 2017A. Casalino et al. [19] implement ANN in order to investigate the effects of process parameters on the laser welding process quality. Using statistical estimation, the relevance of the process parameters with the weld geometry is studied. It is demonstrated that ANN modeling is beneficial for optimizing the quality of manufacturing processes. Pathak and Jaiswal [20] provide a review on the applications of ANN in FSW. They consider the tilt angle as one of the controlling factor. They conclude that ANN results are matching with the experimental data.
From the previous works, it can be concluded that the tilt angle has a significant effect on the heat generation and material flow and is a controlling parameter to produce a defect free joint.
In previous works devoted to the numerical modeling of the effect of the tilt angle, this angle was considered in the geometrical setting, but not in the contact condition at the tool/work piece interface. Reference [21] is one of the few works, both experimental and numerical, to address heat and mass transfer due to the tilt angle. They use an Eulerian framework for an axisymmetric pin and an incomplete contact boundary condition that applies frictional tangential force on a contact area defined based on the tilt angle (α) and an in plane rotating angle (β) of the contact area. From the experimental evidence, they conclude that this in plane rotating angle is 45 • and they use it in the numerical analysis.
In this work, we address the numerical analysis of the effect of the tool tilt angle on FSW from the computational approach developed previously by the authors [5] . It allows obtaining the steady state rapidly at the speed-up phase of the simulation. This is followed by a periodic stage simulation, assuming the first stage as the initial condition. An apropos kinematic system is used by mixing Arbitrary Lagrangian Eulerian (ALE), Eulerian and Lagrangian schemes for different areas of the computational model. The framework can accommodate any pin shapes.
The influence of the tilting is to be represented by the enhanced friction model accounting for the effect of non-uniform pressure distribution under the tool and tilting. The friction model is modified by introducing an in plane rotating angle (β) which depends on the tool tilt angle (α) and the advancing and rotating velocities. In the current study, this parameter is calibrated from the temperature field obtained experimentally for the tilt angle 2.5 • presented in reference [21] . Alternatively, the rotating angle β can be obtained experimentally from the relationship between the longitudinal and the transversal forces exerted on the tool.
The outline of this paper is as follows. In Section 2, the general solution strategy used in this work is explained. In Section 3 the modified friction model considering the effect of the tilt angle is presented and discussed. The last section is devoted to the analysis of tool tilt angle effect on the thermo-mechanical behavior in FSW. Mechanical results including the material flow are presented and compared for the no tilt (α = 0 • , β = 0 • ) and with tilt (α = 2.5 • , β = 25 • ) cases. Lastly, some conclusions are drawn.
Solution Strategy
The simulation of FSW can be performed in different kinematic frameworks: Lagrangian, Eulerian and ALE.
In a Lagrangian framework, material moves together with the reference system. Therefore, the material flow during the weld is the direct solution of the problem. However, due to the large material deformation in the stir zone of FSW, the mesh used in this area requires continuous re-meshing during the simulation. Re-meshing introduces a significant computational overhead and re-interpolation errors. Thus, the application of other kinematic frameworks is more attractive.
In an Eulerian framework the movement of the material is defined on a fixed configuration. Therefore, no re-meshing is needed. This framework presents limitations when non axisymmetric tool pin shapes are modeled. In these cases, the boundaries of the model are constantly changing by the rotation of the tool pin. Thus re-characterization of the integration domain at every time step of the analysis is indispensable.
The alternative to Lagrangian and Eulerian approaches is an ALE framework where the reference system is not fixed and allowed to move independently from the material movement. An ALE framework permits to treat arbitrary pin geometries and re-meshing can be avoided using a mesh around the tool that rotates rigidly together with the tool.
In a Lagrangian framework, the tool tilt angle can be directly included in the geometrical modeling. In the Eulerian and ALE frameworks, the geometrical model can include the tool tilt angle directly only if the pin shape is axisymmetric. Tilted non-axisymmetric pin shapes require specific ALE approaches [22] as the rotation of the tool is not synchronized with the rotation of the mesh around the tool.
In this work a feasible kinematic framework and a two-stage (speed-up and periodic stages) strategy are adopted for the solution of the overall problem [5, 23] (Figure 2) . The strategy uses a fully coupled thermo-mechanical framework at both stages. The solution of the coupled thermo-mechanical problem is acquired by performing a staggered time-stepping algorithm solving the thermal and mechanical sub-problems sequentially for each time step.
The speed-up stage aims at obtaining the steady state rapidly by modifying the thermal inertia term in the energy balance equation. At this stage an Eulerian formulation is used.
The periodic stage considers the results obtained at the first stage as an initial condition. At this stage an apropos kinematic framework is used [23] . The choice of this framework is for combining the benefits of ALE, Eulerian and Lagrangian formulations by applying them in the stir zone, the remains of the work piece and the pin-tool, respectively.
The main effect of the tilt angle on the process behavior is the heat generation and its influence on the material flow during FSW. As the sources of heat generation in FSW are plastic dissipation and friction, the suitable modification of the friction law is the strategy proposed here in order to include the effect of the tilt angle.
All the implementations used for this work are done in the in-house finite element code COMET [24] developed by the authors. Details on the technical and computational aspects of the formulation are given in the references [5, 23, 25] .
The resulting model incorporates a two-stage strategy that can speed up the transient stage to obtain the periodic stage with 50 times reduced computational costs comparing with the standard models [5] . Moreover, the model is enriched with an enhanced friction model that considers the real process behavior for generating the frictional heat and can consider the effect of the tilt angle in the heat generation and material flow. 
Friction Model Including the Tilt Angle
The friction law describes the contact condition at the interface between the tool and the work piece as indicated by their relative sliding velocities. Coulomb's [26] [27] [28] [29] and Norton's [22] friction laws are regularly utilized in FSW simulation.
In the previous work of the authors [30] , a modified Norton's law is proposed considering the non-uniform pressure distribution that is generally found under the tool during FSW. The enhanced friction model defines the friction shear stress at each point at the contact surface as
where τ T is the friction shear stress, ∆v T is the sliding velocity, 0 ≤ q ≤ 1 is the sensitivity parameter, x is the location of each point at the tool/work piece contact surface relative to the rotation axis projected on the welding direction and R is the shoulder radius. τ max and τ min are the maximum and the minimum friction tractions. This friction law in Equation (1) does not take into account the effect of the tilt angle. In case of having a tilt angle α (backwards), as the FSW tool advances in the weld direction, the contact surface that has a maximum friction value in front of the tool and minimum friction in the rear side rotates a certain angle β (counterclockwise) around the (counterclockwise) rotating axis due to the tilt influence [21] . This is detected from the experimental evidence in the reference [21] where the effect of tilting appears on the rotation of the contact print. Figure 4 shows schematically what is observed in the experiments. Therefore, the maximum friction is not at the front side but it is rotated by an angle β. The tilting of the tool results in the subsequent rotation of the average friction line. Figure 5 shows schematically how the distribution of the friction under the shoulder is affected by the tool tilt. The x-axis is along the welding direction with or without tilt angle; it is perpendicular to the average friction line (y-axis) when no tilt angle exists. For a tilt angle α, the average friction line (y'-axis) is rotated an angle β in the horizontal plane. The angle β of the friction shear stress distribution depends on the welding parameters such as tilt angle α, rotating speed ω and advancing speed v adv :
In this work, angle β is obtained by calibration from the temperature field of the experiment presented in [21] . However, the rotating angle β can be obtained experimentally from the relationship between the longitudinal (F x ) and the transversal (F y ) forces exerted on the tool.
The detailed numerical investigation and its experimental validation of the dependence of angle β on the process parameters are out of the scope of this work. We will focus on the influence of angle β on the thermo-mechanical behavior of FSW, by comparing two cases: without tilt (α = 0 • , β = 0 • ) and with tilt (α = 2.5 • , β = 25 • ).
Considering the effect of the tilt and the rotation of the contact shear stress between the tool and the work piece, the reference axes x and y are rotated to the new position x' and y'.
where β is the rotating angle of the contact surface. Therefore, Equation (1) can be rewritten as Figure 6 presents the distribution of friction law in case of having a tilt angle. The average value of the friction is rotated around the center of the tool. 
Analysis of the Effect of the Tilt Angle
In this section, the effect of the tool tilt angle on the thermo-mechanical results of a FSW simulation is studied. The thermal effects are studied through the temperature field. The mechanical effects are analyzed via velocity, stress and strain rate fields and material flow around the tool.
Two cases are considered: 0 • and 2.5 • tilting angle. The two cases are identical from the point of view of material, processing parameters, geometry and they only differ in tilt angle.
The temperature field in case of having tilt angle obtained from numerical analysis is compared with experiment [21] in order to obtain the corresponding angle of rotation β. Then the thermo-mechanical results in both cases of with and without tilt angle are compared against each other.
The material selected is aluminum alloy AA2024-T4. The chemical composition (wt%) of the aluminum alloy AA2024-T4 is Cu = 4.53, Mg = 1.62, Mn = 0.65, Si = 0.066, Fe = 0.21 and Al = Bal. [31] .
The dimension of the work piece is 300 × 75 × 5 mm 3 . Figure 7 shows the geometry model including tool, stir zone and the rest of the work piece. The tool has a flat shoulder of 16 mm diameter and a featureless conical pin. The top and bottom diameter of the pin are 6 mm and 4 mm, respectively. The height of the pin is 4.8 mm. Figure 8 shows the dimension of the tool used. The rotating and advancing velocities are 800 rpm and 20 mm/min, respectively. The process parameters are selected as such to compare the numerical results obtained in this work with the experimental data published in [21] .
The computational model consists of 380,000 tetrahedral elements and 60,000 points approximately. Figure 9 shows the corresponding mesh used to discretize the model.
Heat generated through both plastic dissipation and frictional contact is considered. The visco-plastic dissipation (D mech ) is defined as
where γ is the Taylor-Quinney coefficient, s is the deviatoric stress and . ε is the strain rate. The analysis considers the minimum and maximum friction tractions as τ min = 1.55 × 10 7 and τ max = 3.1 × 10 8 at tool/wor-kpiece contact surface, respectively. They are obtained from the calibration from the temperature field [30] . The in plane rotating angle β = 25 • is calibrated from the temperature field obtained experimentally for the tilt angle 2.5 • and presented in reference [21] . The qualitative mechanical results including the material flow are presented and compared for the cases (α = 0 • ,
To verify the choice of the rotating angle β = 25 • , the longitudinal and the transversal forces are evaluated in both cases, without and with tilt angle. In the first case (without tilt angle), the forces are F x = 170 N and F y = 28000 N. Thus according to Equation (3), the in plane rotation angle is β ∼ = 0 • . In the second case (with tilt angle), the forces are F x = 12000 N and F y = 25000 N. Thus the in plane rotation angle is effectively β = 25 • .
Thermal Effects
The thermal effects caused by the tool tilt angle are presented in this section in terms of the temperature field at the steady state.
Temperature Figure 10 shows the computed temperature field for the tilt angles of 0 • and 2.5 • . The results are also shown on a vertical section at the center of the tool and the leading side in order to see the temperature field on the top surface and within the depth of the work piece.
The difference caused by the tool tilt angle on the temperature distribution can be clearly seen. In both cases, the maximum temperature is on the advancing side (AS) due to the non-uniform distribution of the friction at the contact surface between tool and work piece. The tool tilt angle causes a slight rotation of the temperature field. It increases the temperature in the neighboring zone of the FSW tool in the rear advancing side. This observation is in accordance with the experimental finding in [32] .
The difference of the temperature in the advancing (AS) and the retreating sides (RS) diminishes with the distance from the tool center. The computed maximum temperatures are compared with the measured ones presented in [21] for tilt angle 2. It can be seen from the figures that a good agreement is achieved between numerical and experimental results at both retreating and advancing sides of the FSWelded work piece. Table 1 compares the differences between the temperatures at retreating and advancing sides obtained from experimental and numerical analyses when a tilt angle of 2.5 • is used. This comparison is performed for distances of 10, 14, 20 and 28 mm from the weld line. The agreement between numerical results and experimental data is remarkable. 
Mechanical Effects
The mechanical effects caused by the tool tilt angle are presented in this section in terms of velocity, stresses and strain rate fields and material flow around the tool.
Velocity, Stress and Strain Rate
The computed velocity fields for α = 0 • and α = 2.5 • under the shoulder are depicted in Figure 13 . The velocity field in case of tilt angle α = 2.5 • is rotated β = 25 • (obtained from the calibration of the rotating angle β from the temperature field presented in [21] ). As expected, the maximum velocity is at the border of the shoulder and in case of 0 • tilt angle at the leading edge. The J2 stress distributions under the shoulder in both studied cases are presented in Figure 14 . The effect of the tilt angle is the rotation of this distribution and the increase of the stresses in the retreating side of the leading front. As the tool tilt angle increases the temperature on the rear advancing side of the tool (Figure 10 ), the material flow stress decreases correspondingly in this region and consequent softening of the material facilitates the flow. The computed behavior agrees with the finding in [32] . The strain rate distribution is shown in Figure 15 for both tilt angles. As the strain rate defines the stirring action in FSW [33] , the distribution of the strain rate under the tool can give an insight to the material stirring. In case of having tilt angle, the stirring effect increases on the rear edge of the tool on the advancing side. Therefore the tilt angle can strengthen the material stirring action at this zone. 
Material Flow
In order to visualize the differences on the material flow around the tool, stream lines are shown in Figures 16 and 17 for both tilting cases at different depths (1 mm and 3 mm). In the xy plane, the effect of tilting manifests in the rotation of the streamlines (Figures 16b and 17b ).
In the case of no tilt angle and 1 mm depth, the material moves extensively around the tool. It is visible both in the xy plane (Figure 16a ) and the xz plane showing that the material passes through all the depth of the tool (Figure 16c) .
The material movement at the depth of 1 mm is very much affected by the shoulder movement (Figure 16c,d) . Due to the tilt angle effect, material is trapped by the shoulder on the trailing edge (Figure 16d ). It can be seen from Figure 16d that tilting induces a considerable accelerating effect behind the pin tool which is difficult to achieve in case of having no tilt angle. The reason for this is that a higher friction force exists on the rear side of the tool at the interface between the tool and the work piece. This stimulating effect of the tool tilt on the material flow helps to avoid the formation of defects in the weld, as low material velocity might lead to defect formation [34] .
Further from the shoulder, at the depth of 3mm, the effect of tilting is less evident. In both cases of 0 • and 2.5 • tilt angles, apart from the rotation of the streamlines, the material movement around the tool is similar (Figure 17a,b) . Without tilt angle, the material around the tool goes through all the depth of the pin resembling the case with tilt angle (Figure 17c,d) .
It can be seen from Figure 17d that the material flows around the pin and then accumulates behind the tool on the weld.
Due to the higher temperature, softer material and greater frictional force in the trailing side of the tool, the material flow in the rear side of the FSW tool with the title angle is considerably enhanced, which assists to prevent the generation of defect. 
Summary and Conclusions
In this work, the effect of tool tilt angle on the thermo-mechanical results (heat generation and material flow) in FSW process is studied. The thermo-mechanical results are presented for two tilt angle cases of α = 0 • and α = 2.5 • .
The friction model is modified by introducing an in plane rotating angle β of the friction shear stress in order to account for the effect of tilting. This rotation angle is calibrated from the temperature field obtained experimentally for the tilt angle 2.5 • . The qualitative mechanical results including the material flow are presented and compared for the cases (α = 0 • , β= 0 • ) and (α = 2.5 • , β = 25 • ). It is verified that the rotating angle β can be defined through the relationship between the longitudinal and the transversal forces exerted on the tool.
It is observed that a non-zero tilt angle results in the rotation of the friction distribution under the shoulder. The computed temperature is compared with the experimental data and good agreement is obtained at both advancing and retreating sides. Differences between the temperatures at retreating and advancing sides are also compared with the experimental measurements.
It is observed that the tool tilt angle:
• increases stresses at the leading edge of the tool on the work piece.
• increases the temperature in the neighboring zone of the FSW tool in the rear advancing side.
• decreases the material flow stress in the rear advancing side.
• strengthens the material stirring action at trailing edge on the advancing side.
• facilitates the material flow behind the tool.
To sum up, the effect of the tool tilt angle can be represented by the in plane rotation of the corresponding thermo mechanical fields. Owing to this, the material flow behind the FSW tool is considerably improved contributing to the prevention of the defect formation. Future work will be addressed to extend the experimental evidence in order to correlate the tilt angle and process parameters with obtained in plane rotation of the friction shear traction.
